Streptococcus agalactiae (Group B Streptococcus; GBS) is an important pathogen and is associated with pneumonia, sepsis and meningitis in neonates and adults. GBS infections induce cytotoxicity of respiratory epithelial cells (A549) with generation of reactive oxygen species (ROS) and loss of mitochondrial membrane potential (y m ). The apoptosis of A549 cells by GBS was dependent on the activation of caspase-3 and caspase-9 with increased proapoptotic Bim and Bax molecules and decreased Bcl-2 pro-survival protein. Treatment of infected A549 cells with ROS inhibitors (diphenyleniodonium chloride or apocynin) prevented intracellular ROS production and apoptosis. Consequently, oxidative stress is included among the cellular events leading to apoptosis during GBS human invasive infections.
INTRODUCTION
Streptococcus agalactiae (Group B Streptococcus; GBS) is the leading cause of invasive infections in newborns and immunocompromised adults (Farley, 2001; Sharma et al., 2013) . Although GBS is able to invade tissues and enter the bloodstream from infected sites, the mechanisms leading to various clinical manifestations in humans and the molecular basis of GBS adaptation to different environmental conditions remain obscure. The tissue invasiveness of GBS may be related to its ability to invade cultured human epithelial cells in vitro (Valentin-Weigand & Chhatwal, 1995; Da Costa et al., 2011) . An understanding of the cellular events leading to apoptosis is important for GBS human invasive infections.
Programmed cell death is a central protective response to excess oxidative damage and is also essential to normal immune function (Weglarczyk et al., 2004) . Excessive levels of reactive oxygen species (ROS) stimulated by bacterial pathogens have the capacity to induce oxidative stress by overwhelming antioxidant defences (Krzyminska et al., 2011; Miao et al., 2013) . Oxidative stress was found to be a significant underlying pathogenic pathway of GBS type II infection in animals (Yang et al., 2014) . A previous study also demonstrated that GBS serotypes III and V induced apoptosis and necrosis of human respiratory epithelial cells, respectively (Da Costa et al., 2011) . As the influence of oxidative stress in human infection by GBS has been poorly investigated, in this study the role of ROS generation in apoptosis induction of human respiratory epithelial cells by S. agalactiae is described.
METHODS
Bacterial strains. The following GBS serotype III human isolates were used: 80340, a vaginal strain isolated from an adult asymptomatic carrier who was not pregnant; and 90356, a cerebrospinal fluid strain isolated from a 3-day-old neonate with fatal meningitis. Microorganisms were identified as group B streptococci and serotyped according to the methods described by Lancefield (1934) . GBS isolates were cultured on blood agar base (BAB; Oxoid) plates containing 5 % defibrinated sheep's blood for 24 h at 37 uC and then grown in brain heart infusion broth (Difco) at 37 uC until an OD 540 reading of 0.4 (*10 8 c.f.u. ml 21 ) was reached (Da Costa et al., 2011) . A549 viability and nuclear morphology. Confluent A549 cells in 24-well tissue culture plates were incubated with GBS (m.o.i.: 50) for 6 and 12 h in 5 % CO 2 at 37 uC. After each incubation period, infected cells were stained with 0.4 % Trypan blue solution diluted at a ratio of 1 : 10 in DMEM. A minimum of 400 cells were counted for each treatment (Sabbadini et al., 2012) . Nuclear changes were analysed by DAPI staining. Cells were incubated with GBS for the different times, fixed with 4 % paraformaldehyde and incubated with DAPI (10 mg ml
21
) for 10 min in the dark. The nuclei of stained cells were visualized using a fluorescence microscope (Zeiss) at an excitation wavelength of 350 nm. A549 cells treated with LPS (1000 ng ml
) were used as positive control.
Analysis of A549 cells by flow cytometry for apoptosis. For identification of apoptosis in A549 cells stimulated with GBS for 6 and 12 h at 37 uC, the binding of annexin V (AV) (AV-FITC labelling of exposed phosphatidylserine residues) and the uptake of propidium iodide (PI) were measured by flow cytometry with a FACScan flow cytometer (Becton Dickinson Immunocytometry Systems Europe) equipped with an air-cooled 15 mW argon-ion laser operating at 488 nm. A549 cells were pre-incubated with ROS inhibitors diphenyleniodonium chloride (DPI; 10 mM) or apocynin (10 mM) in DMEM medium with 3 % FCS for 15 min at 37 uC. A549 cells plus 3 % FCS and A549 cells treated with LPS (1000 ng ml 21 ) were used as negative and positive controls, respectively. The experiments were performed using the apoptosis and necrosis detection kit TACS Annexin V-FITC (R&D Systems) according to the manufacturer's instructions. Flow cytometric analysis was performed using the CellQuest software program (Becton Dickinson). Logarithmic fluorescence intensity of AV-FITC was plotted versus the fluorescence intensity of PI in a dot plot. Total cells (residual adherent cells plus detached floating cells) were evaluated. Data from 10 000 endothelial cells were analysed for each plot (Da Costa et al., 2011) .
Immunoblot analysis. A549 cells were lysed with lysis buffer (50 mM Tris/HCl, pH 7.4; 100 mM NaCl; 1 % (v/v) Triton X-100 and 5 % (v/v) glycerol, supplemented with a cocktail of protease inhibitors, all purchased from Sigma). Protein concentration was determined by the method described by Bradford (1976) . Cellular proteins (80 mg per slot) were separated by SDS-PAGE (15 % acrylamide gels) and proteins were transferred to PVDF membranes (Immobilon-P 45 mm; Millipore) for 1 h at 4 uC. Membranes were incubated with primary antibodies (caspase-3, caspase-9, Bcl-2, Bim; 1 : 1000, rabbit; Santa Cruz Biotechnology) overnight at 4 uC for 48 h. Membranes were washed, incubated with horseradish-peroxidase-conjugated antirabbit IgG (goat anti-rabbit HRP, 1 : 1500; Bio-Rad) and the immunoreactivity was detected using an ECL Plus detection kit (Amersham Pharmacia). The protein bands on X-ray films were analysed using NIH Image software (version 1.61). Loading control was performed with b-actin (1 : 100, rabbit; Santa Cruz). The density of caspase-3, caspase-9, Bcl-2 and Bim protein expression was expressed in arbitrary units (dos Santos et al., 2013) .
Confocal microscopy assays for subcellular Bax localization.
To determine Bax insertion into mitochondria, GBS-infected (m.o.i.: 50) A549 cells and uninfected cells were incubated with MitoTracker Red 580 (Molecular Probes) for 30 min at 37 uC to identify mitochondria. A549 cells were washed in PBS, fixed with paraformaldehyde (4 %) and permeabilized with 0.5 % (v/v) Triton X-100 in PBS for 20 min. The slides were incubated with rabbit polyclonal anti-Bax antibody (1 : 200; Santa Cruz Biotechnology) overnight at 4 uC, and incubated at room temperature for 1 h with Alexa Fluor 488-conjugated goat anti-rabbit IgG (1 : 1000; Santa Cruz Biotechnology). Slides were then mounted using N-propyl gallate solution before examination under an Olympus Fluoview version 3.34 confocal microscope (Arruda et al., 2006) .
Measurement of mitochondrial membrane potential. Mitochondrial membrane potential was evaluated via the cationic dye JC-1 (Molecular Probes). In normal cells, JC-1 aggregates in mitochondria, fluorescing red. In apoptotic cells, JC-1 accrues in the cytosol as a green fluorescing monomer. Confluent monolayers of A549 cells were infected with GBS strains (m.o.i.: 50) diluted in DMEM supplemented with 10 % FCS for 12 h at 37 uC and 5 % CO 2 . A549 cells were incubated with DMEM containing JC-1 (1 mg ml 21 ) for 30 min at 37 uC in the dark. Fluorescence was monitored using an Envision multilabel plate reader (PerkinElmer) for different times at excitation and emission wavelengths of 495 and 530 nm, respectively (Arruda et al., 2006) . A549 cells plus 3 % FCS and A549 cells treated with LPS (1 mg ml 21 ) were used as negative and positive controls, respectively. Statistical analysis. The values for different treatments were compared using Student's t-test and ANOVA, followed by Bonferroni's t-test for unpaired values. All statistical analyses were performed at the Pv0.05 level of significance.
RESULTS

GBS-III-induced cytotoxic effects on A549 cell lines
Evaluation by Trypan blue staining assay showed that strains GBS 80340-vagina and 90356-CSF led to loss of viability of human epithelial cell monolayers at 6 h (Pv0.002 and Pv0.0001, respectively) and 12 h post-infection (Pv0.0001 and Pv0.0004, respectively) (Fig. 1a) . GBS promoted cytotoxic effects with cell rounding (characteristic of loss of joints) and core condensation mainly at 12 h post-infection. Nuclear morphological changes assessed by DAPI staining of A549 cell monolayers infected with GBS strains (12 h) showed aggregation and condensation of DNA (Fig. 1a, arrows) .
Effects of GBS-III infection on mitochondrial membrane potential (Dy m ) disruption during apoptosis of A549 cells
Non-apoptotic A549 mitochondria exhibited preserved Dy m with a higher red (546 nm) fluorescence in relation to green (536 nm) fluorescence, as determined by confocal microscopic analysis of JC-1-stained cells (Fig. 1b) . After 12 h, cultured A549 cells infected with GBS displayed an opposite staining profile, where the ratio between the two emission wavelengths (red/green) was significantly lower (Pv0.002).
Evaluation of mitochondrial apoptotic pathway in A549 cells during GBS-III infection
Confocal microscopy assays using mitochondrial MitoTracker Red staining showed that GBS infection induced Bax insertion into the mitochondria (Fig. 2a) . Analysis of whole-cell lysates at 12 h post-infection with GBS demonstrated cleavage of caspase-3 (17 and 12 kDa subunits) and caspase-9 (Fig. 2b) . The Bim pro-apoptotic protein was upregulated during GBS infection (Pv0.05). Conversely, anti-apoptotic protein Bcl-2 was downregulated. The data were analysed by densitometry (Fig. 2c) .
ROS production and effects of ROS inhibitors in GBS-III-induced apoptotic A549 cells
ROS production 6 h post-infection for the GBS-infected 90356 strain is shown in Fig. 3(a) . GBS was able to induce ROS production after 30 min (Pv0.02). We also observed that this effect relies on NADPH oxidase activity, once DPI (a general NADPH oxidase inhibitor) and apocynin (NOX2 inhibitor) inhibited the ROS generationinduced effect in epithelial cells (Pv0.05 for both).
The results of experiments analysed by flow cytometry (Fig. 3b) provided information about the numbers of: (i) viable cells (AV2/PI2), (ii) early apoptotic cells (AV+/PI2) and (iii) late apoptotic or secondary necrotic cells (AV+/PI+). Compared with the untreated control cells, significant proportions of early (AV+/PI-; 36.25 %) and late (AV+/PI+; 91.94 %) apoptotic cells were observed 12 h post-infection (Fig. 3b) . Apocynin and DPI inhibited cell death by apoptosis in 57.30 % (Pv0.01; Fig. 3b ) and 82.01 % (Pv0.001; Fig. 3b ) of cells, respectively.
DISCUSSION
The mechanisms of apoptosis have been described for several bacterial infections and the different ways in which bacteria manipulate the host cell apoptotic machinery are the subject of intense interest. Understanding the role of apoptosis may lead to new potential therapeutic strategies (Weglarczyk et al., 2004) . However, the molecular mechanisms of epithelium apoptosis induced by GBS remain only partially identified. Here, analysis of the viability of A549 cells infected with GBS-III strains (80340-vagina and 90356-CSF) isolated from humans has revealed the ability of this pathogen to induce apoptosis in epithelial cells, as previously reported with macrophages (Ulett et al., 2003; Da Costa et al., 2011) .
Previous studies with GBS serotype V demonstrated the collapse in mitochondrial membrane potential, reflecting the initiation of programmed cell death of human endothelial cells (Beyrich et al., 2011) . Members of the Bcl-2 family include major cell survival and cell death regulators. Bcl-2 and Bcl-xL act as apoptosis inhibitors in the cells, while Bax functions as a pro-apoptotic factor and inhibits cell survival. Insertion of Bax into the mitochondria is a prominent feature of the apoptotic process. The formation of pores in the mitochondrial outer membrane catalysed by Bax oligomers promotes the leakage of pro-apoptotic proteins, leading to the activation of caspases, and culminates in apoptotic cell death (Arruda et al., 2006) . For GBS-III, human invasive isolates were able to promote apoptosis in murine macrophages with activation of caspase-3 and caspase-9, suggesting involvement of the intrinsic pathway in triggering mitochondrial release of cytochrome c and changes in the mitochondrial membrane potential (Ulett et al., 2005) . We have shown that infection of human epithelial cells by GBS-III isolates decreased the expression of pro-survival protein Bcl-2 and increased the expression of the pro-apoptotic Bim molecule, with co-localization of Bax on mitochondria. Hence, upregulation of Bax and downregulation of Bcl-2 molecules by GBS-III may lead to loss of mitochondrial membrane potential, activation of caspase cascades and subsequent DNA fragmentation. The data also showed the involvement of mitochondria during programmed cell death induced by GBS-III and ability to enhance activities of caspase-3 and caspase-9.
However, the GBS-III strains tested were unable to activate caspase-8 during infection of A549 epithelial cells, suggesting the involvement of limited extrinsic death receptor signalling pathways. Therefore, GBS-III was able to promote the breakdown of the mitochondrial membrane potential in A549 cells, reflecting an initiation of programmed death of human epithelial cells.
Excessive production of ROS, known as oxidative stress, may cause cell death by non-physiological (necrotic) or regulated (apoptotic) pathways (Ulett et al., 2005; Beyrich et al., 2011) . In this study, we observed an increase in ROS levels in A549 epithelial cells during GBS-III infection. GBS-induced ROS production could affect mitochondrial function, which has been shown to play an essential role in cell survival. The increase in cell membrane permeability in GBS-infected cells might be due to excessive generation of ROS. Increased levels of ROS and mitochondrial membrane potential collapse may also activate cysteine proteases (caspases) which converge on caspase-3. Caspase-3 normally cleaves several target proteins such as PARP (the enzyme responsible for repairing DNA) and leads to apoptotic DNA fragmentation (Ulett et al., 2003; Wu et al., 2015) . These findings suggest strongly that the GBS serotype III induced apoptosis through the mitochondrial pathway by production of ROS, partially via NADPH oxidase in A549 cells. These results also provide important new insights into the possible molecular mechanism of GBS invasive diseases, including sepsis. ). (a) A549 cells were suspended in HBSS and placed in a black 96-well plate with fluorescent probe M-H2DCFDA (10 mM) for 30 min. After several washings in PBS, the A549 cells were left untreated or were pretreated with DPI (10 mM) or apocynin (10 mM) for 15 min and infected with GBS (m.o.i.: 50) for 6 h. Plates were analysed in an Envision multilabel plate reader (PerkinElmer). Fluorescence was monitored for different times at excitation and emission wavelengths of 495 and 530 nm, respectively. Data shown are the results (means¡SE) from 3-7 independent experiments. *P,0.05 and **P,0.02 when compared with control. (b) The viable cell population is shown in the lower left quadrant (AV2/PI2), early apoptotic cells in the lower right quadrant (AV+/PI2), late apoptotic cells in the upper right quadrant (AV+/PI+) and necrotic cells in the upper left quadrant. The A549 cells were incubated with culture medium (C), DPI (10 mM), apocynin (10 mM), LPS (1 mg ml 21 ) or GBS strain 90356-CSF for 12 h at 37 8C. Data are expressed as means of four experiments. *P,0.05.
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